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A spin rotator which preserves the overall optic axis is presented. This rotator uti-
lizes three bends, two solenoid pairs, and two reﬂectors, which are used to remove
the cross plane coupling introduced by the solenoids. The design requirements for
such a rotator considered as a part of the ILC are summarized. It is shown how
the solenoids have to be set up to achieve longitudinal IP polarization taking into
account non-zero crossing angles at the interaction region and a Linac following
the curvature of the earth. Furthermore, the stability requirements for mechan-
ical and electrical imperfections are analyzed. A spin rotator of the investigated
type can reliably provide all the spin orientations required if tolerances of 1µm
for lateral displacement of the quadrupoles and roll tolerances of 0.25mrad are
met. These numbers should not be considered as the ﬁnal installation tolerances
since how these ﬁgures are aﬀected by beam-based alignment techniques utilizing




Polarization of both beams at the ILC would be ideal for facing both expected and
unforeseen challenges in searches for new physics at the ILC: ﬁxing the chirality of the
couplings and enabling the higher precision for the polarization measurement itself as
well as for polarization-dependent observables, it provides a powerful tool for studying
new physics at the ILC, such as discovering new particles, analyzing signals model-
independently and resolving precisely the underlying model. The physics return from the
investment in the linear collider would be maximized by providing polarized electron and
positron beams. It has been recognized that beam polarization will play an important
role in the ILC programme, and polarization of the electron beam is foreseen for the
baseline design. A polarized electron beam will provide a valuable tool for scrutinizing
the Standard Model and diagnosing signatures of new physics [1].
In order to ensure a well-deﬁned extracted polarization vector, the spin vectors have to be
aligned parallel to the rotation axis of the damping ring, the vertical direction [2]. Thus,
the electrons originating from the source polarized by about 80% in the longitudinal
direction have to be rotated into the vertical direction by means of a spin manipulator.
Candidates for such a device are explored in Emma’s paper [3]. Given the beam energy
of 5GeV and the low normalized transverse emittances of γx = 8 × 10−6 mrad and
γy = 2 × 10−8 mrad, respectively, systems based entirely on chicanes seem to be no
option; therefore manipulators utilizing solenoids for spin rotation are the instruments
of choice, although superconducting solenoids are required to rotate the orientation of
the spins by means of the Larmor rotation in front of the damping rings.
After the damping ring another pair of spin rotators is required for restoring the longitu-
dinal polarization. Additionally, aligning the spins in any direction at the IP should be
viable to extract orientation-dependant portions of the cross sections. Furthermore, the
eﬀect of the non-zero crossing angles at the IP on the spin transport has to be compen-
sated and investigated as well. Since the current layout of the linear collider features two
interaction regions, two spin rotators will be required after beam extraction from the
damping ring, which are stacked side by side (see Figure 1) if quasi simultaneous running
of both IRs in parallel is required. Finally, it has to be investigated whether a successful
and reliable spin manipulation is viable even if the Linac is no longer laser-straight but
following the curvature of the earth.
2 Spin rotator design issues
The requirements for a candidate to be considered as a spin rotator for the current layout
of the ILC are:
• Flexible design: Longitudinal IP spin orientation has to be achieved. Additionally,
the option to adjust the spin vector in any direction is desired.




Figure 1: Possible layout of the source to ring to Linac section of the ILC [1].
• The system should be short ( 100m) and as stable as possible.
• The emittance dilution caused by synchrotron radiation must be negligible.
• Two rotators should be stackable side by side, each catering for one interaction
point (IP).
3 Rotator optics
Following Emma’s work [3], dipoles and solenoids are used as building blocks for the
spin rotator. Vertical dipole ﬁelds are utilized for rotating the spin around the vertical
(y) direction. Solenoids are utilized for rotating the spin vector around the longitudinal
direction (z).
How the spin transport is aﬀected by these particle optical elements can be understood
by referring to the Bargmann-Michel-Telegdi (BMT ) equation [4], which describes spin
motion in electromagnetic ﬁelds.
Dipoles Fields normal to the direction of particle motion precess the spin by an axis
parallel to the direction of the magnetic ﬁeld B. A rotation of the spin by 90◦ necessitates
a ﬁeld integral of 2.3Tm. The rotation is independent of the particle’s energy. A
deﬂection of the electron trajectory by an angle θb induced by a magnetic dipole ﬁeld
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θb = a γ θb. (1)
For electrons, at a beam energy of 5GeV, the product of the corresponding relativistic
factor γ and the magnetic anomaly a = (g − 2)/2, which has the numerical value of
about 1.16 for electrons, is 11.3. A spin precession angle of 90◦ at the given energy
requires magnetic dipole ﬁelds deﬂecting the electron beam by approximately 8◦.
Solenoids Fields parallel to the particle motion precess the spin around the axis of the
magnetic ﬁeld. The electron beam is rolled while traversing through the solenoid by an
angle φr, which is given by 1/2 of Larmor’s angle.



















In expression (2) Bs is the longitudinal magnetic ﬁeld, Ls the eﬀective extension of the
ﬁeld and (B0ρ) denotes the beam rigidity, m denotes the mass of the electron and e
its charge. β = v/c and γ = 1/
√
1− β2 are the relativistic factors. Thus, the spin
precession angle is energy dependent. Throughout this paper SI units are used.
It can be shown [5] that for an axially symmetric magnetic ﬁeld B(ρ, z) the vector
potential A(ρ, z) can be expressed as a power series in the radial coordinate ρ and
derivatives of the axial magnetic ﬁeld B(z)














B′′(z) + . . . (4)








and keeping only expressions linear in lateral coordinates x and y (ρ =
√
x2 + y2) and








For obtaining this result, the invariant axial angular momentum in paraxial approxima-











was used. Additionally, the complex coordinate w(z) = x(z) + i y(z) is employed for
combining the horizontal coordinate x(z) and the vertical coordinate y(z).
The equation of motion (6) can be solved more easily by introducing a rotated coordi-
nate frame which strives to remove complex coeﬃcients; thereby obtaining un-coupled
equations of motion by eliminating torsion. Setting w(z) = u(z) exp (−iχ) and demand-















(U(z))2 u = 0, (9)
which corresponds to two un-coupled diﬀerential equation when u is split into its real
and imaginary part (u = ξ + iη).
Thus, the linear transport matrix Ms for a solenoid in the original coordinate frame can
be written as the product of two matrices:
Ms = RMf . (10)





cos(χ) 0 sin(χ) 0
0 cos(χ) 0 sin(χ)
− sin(χ) 0 cos(χ) 0
0 − sin(χ) 0 cos(χ)
⎞
⎟⎟⎠ (11)
and Mf is given as a solution of the diﬀerential equation (9). Because of the absence of
coupling in the (ξ, η) frame and of the real coeﬃcients in equation (9), any Mf matrix







The transfer matrix Mf is composed of two two by two matrices: T , which gives the
focusing of the solenoid, and the zero matrix O.
Ignoring fringe ﬁeld eﬀects and referring to a sharp cut oﬀ fringe ﬁeld model with a
constant axial magnet ﬁeld B(z) = Bs throughout the extension ls of the solenoid, the










k sin(χ) cos(χ) 0 0










For the further line of development, it is important to note:
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1. the combined transfer matrix of the solenoid MS and the matrix R which stems
from going to a rotating coordinate frame commute
RMS = MS R and (14)
2. drift matrices commute with the rotating matrix R, as well
RL = LR. (15)
Using solely solenoids as building blocks for the spin rotator is problematic. The preser-
vation of the vertical (projected) emittance becomes problematic: Solenoids focus radi-
ally and roll the beam by an angle given by expression (8); thereby introducing cross-
plane coupling. Given the large aspect ration of the ribbon beam, the ratio of the
horizontal to the vertical beam sigma is about 400 (σx/σy ≈ 400), it is advantageous to
correct cross-plane coupling locally—at least for on-energy particles. Furthermore, the
beam roll and thus the spin precession are a function of the ﬁeld integral.
Since the dilution of the projected vertical emittance for the current ILC parameters
(energy 5GeV, γ = 9784.76 and normalized emittance post damping ring γx = 8 ×
10−6 mrad, γy = 2× 10−8 mrad) is rather large—rotating the spin by 90◦ by a solenoid
causes a blow-up of the projected vertical emittance by a factor of about 60—a coupling
correction scheme for reliably avoiding this deleterious eﬀect is mandatory.








which can be achieved, for instance, if A and B are products of drifts and quadrupoles in
normal orientation, such that additional coupling is avoided: The oﬀ-diagonal elements
are zero.








holds. This condition can be fulﬁlled if
A = −B. (18)
There are a couple of ways achieving this. Schemes comprising at least six normal
quadrupoles, skew quadrupoles or quadrupoles with an azimuthal orientation, such as
a function of the ﬁeld integral are conceivable [6, 7]. Additionally, schemes casting the
total transfer map of the corrector into a simple form, as a unity matrix or a simple drift
are viable.
Following Emma, I chose a corrector which removes the coupling independently of the
ﬁeld strength of the solenoid, such that its settings have not to be changed when the
6
spin rotation angle is modiﬁed. The focusing eﬀect of the solenoid is removed by ex-
ternal quadrupoles, used as β-matching sections. Emma’s scheme relies on splitting the
solenoids into symmetric pairs which are separated by a series of upright quadrupoles,
organized as a repetition of identical FODO cells [3]. The transfer matrix from the exit
of the ﬁrst solenoid to the beginning of the second is chosen as a unity matrix or a drift
in one imaging section. In order to comply with the condition (18), in the perpendicular
focusing section a −I transformation will remove the coupling (ignoring eﬀects caused
by energy errors). Such a transformation can be achieved by six quadrupoles arranged
into three FODO cells, with phase advances of 120◦ per cell in the horizontal and 60◦
in the vertical plane. Such a symmetric layout is considered more robust than one in
which all quadrupoles are excited diﬀerently and its settings have to change when the
solenoid strength changes.
Assuming a sharp cut-oﬀ fringing ﬁeld and a constant ﬁeld within the solenoid and using
expression (13) as focusing matrix, the whole linear transfer map of the solenoid based














k sin(2χ) cos(2χ) 0 0




k sin(2χ) − cos(2χ)
⎞
⎟⎟⎠ . (19)
As is evident from expression (19), a compensation scheme as outlined above, removes
the coupling. The matrix Mtot is of block-diagonal form. The matrix elements are a
function of χ, the roll angle.
Introducing an arbitrary drift between the correcting device and the ends of the solenoids
does not break the relation (18), even if the length of the drift spaces on both sides diﬀer
because of Equation 14. Therefore, such a modiﬁed design can also be used.
4 Solenoid rotator settings
In the ﬁrst section of this chapter it is explained how a spin rotator suited for the ILC
can be described and set up for outgoing longitudinal IP polarization when the ingoing
spin vector is vertical. It is assumed that there are no further inﬂuences on the spin
transport through the IP after exiting the spin rotator (zero crossing angle, laser-straight
Linac, eﬀectively no depolarization in the Linac).
In the subsequent section it is elucidated how non-zero crossing angles at the IR aﬀect
the settings of the spin rotator ensuring longitudinal IP polarization.
Allowing for a Linac following the curvature of the earth (contrary to a laser-straight
one) has a major inﬂuence on the spin transport to the IR. To achieve longitudinal
polarization at the IP, excitations of the solenoids and thus matching have to change
considerably. How this can be done is the subject of the ﬁnal subsection.
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4.1 Straight Linac and zero crossing angle
A spin rotator considered as a candidate for the ILC has to be able to transform an
incoming spin, polarized vertically oﬀ the damping ring, into any arbitrary orientation.
A rotator with such a ﬂexibility may be obtained by putting a bending section between
two solenoid pairs, each equipped with a corrector device described above. A combined
spin rotator of this kind was originally investigated by Emma [3].
In this paper, the original layout is augmented by an additional bending section at each
end. Such a system preserves the straight geometry of the surrounding beam line. Two
such systems can be arranged in parallel to accommodate concurrent runnings of the
two IRs (each requiring a diﬀerent spin rotator), if so required [8].
How the spin transport is aﬀected by such a system consisting of three bends and two
solenoid (pairs) can be investigated by multiplying the corresponding (3×3) dimensional
rotation matrices.
All dipoles are rotating around the vertical, the y-axis. The center arc rotates the spin
direction by -90◦ and the outer ones by 45◦. The total rotation along the longitudinal,
the z-axis, by a solenoid pair can be modelled by a Rz(φ) rotary matrix. Thus, the







The angles φ1 and φ3 symbolize the rotation of the spin by the ﬁrst and the last solenoid,
respectively.
The rotary matrix, Ry(φ), modelling the spin rotation along the vertical, is given by
Ry(φ) =
⎛
⎝ cosφ 0 sinφ0 1 0
− sinφ 0 cosφ
⎞
⎠ . (21)








Assuming a deﬂection angle of φ2 = 45
◦, the incoming spin vector which is entirely
polarized in the vertical direction (si = ±yˆ) is aﬀected by the whole optical system in
the following way:










For transporting an initial spin vector, oriented along the positive vertical axis (si = yˆ),
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sinφ3 = ±1, cosφ3 = 0
(25)
have to be solved. Two solutions are available:
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To provide full ﬂexibility of the spin rotator, it is suﬃcient that each solenoid (pair) is
capable of rotating a spin by ±90◦ (φ1, φ3 ∈ [−π2 , π2 ]). The fact that a hemisphere can
be utilized by constraining the rotation angles in this way is evident from the three-
dimensional plot shown in Figure 2. If the vertical spin direction of the ingoing spin can















Figure 2: Spin range utilized by φ1 and φ3 ∈ [−π2 , π2 ].
According to expression (2), a ﬁeld integral
∫
Bz dz of 26.2Tm is needed to rotate a spin
by 90◦ around the solenoid’s optic axis, since the beam rigidity (B0ρ) has the numerical
value of 16.7Tm at 5GeV beam energy. The ﬁeld integral is distributed over the two
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solenoids between the corrector. Each of these is capable of precessing spins by ±45◦
along its axis of symmetry. Choosing a length Ls of 3.55m for each solenoid a ﬁeld
strength of 3.8T has to be provided for precessing a spin by 45◦.
The actual layout of the whole spin rotator is shown in Figure 3.
0.0 10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120.
s (m)
δ E/ p 0c = 0 .
Table name = TWISS
SPINROT





































Figure 3: Spin rotator optics (six FODO cells per corrector.)
In addition to the optical components mentioned earlier, matching sections are added,
which adapt the β functions to the values required. The rotator has to match the external
boundary conditions and the focusing eﬀects of the solenoids have to be annulled, as
well.
Furthermore, contrary to Emma’s original design, for the bending sections double bend
achromats (DBA) are chosen. These elements are advantageous, since their overall length
is shorter in comparison to corresponding missing magnet schemes. On top of that, the
achromatic condition is adjustable by varying quadrupole strengths. The missing magnet
scheme relies on varying the spacings between magnets for removing dispersion at the
exit of the bending section.
4.1.1 Solutions for the oﬀ-mode
To achieve an acceptable beam transport with a relative transverse emittance dilution of
less than 2% when the solenoids are oﬀ, the settings of the matching quadrupoles have
to change considerably.
The β-functions have to enter the solenoids with a slope, α, diﬀering from zero, otherwise
the β-functions obtain large values, exceeding 1000m. Entering the ﬁrst solenoid with
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negative values for αx = αy, and setting up the whole system symmetrically about its
center, results in the solution depicted in Figure 4(a). The projected emittance dilution
obtains the values Δx
ix
= 1.5 and Δy
iy
= 7.6. Both of these values are ok. The
system is only somewhat optimized. By comparing Figures 4(a) and 4(b), it can be
gathered how diﬀerently the rotator works for the oﬀ- and for the on-mode.
4.1.2 Solutions for non-zero crossing angles at the IP
Deﬂecting the beam by an angle θb at the IP causes spin precession according to For-
mula 1. Since the relativistic factor γ = 978473.58 is so huge for a beam energy of
500GeV, a deﬂection of the beam by θb = 10mrad, causes a precession of 11.35 rad or
equivalently 360◦ + 290.30◦. This has to be compensated by judiciously adjusting the
settings of the rotator for ensuring longitudinal IP polarization.
By applying a rotary matrix Ry(ψ), rotating around the vertical, the conditions for the
excitations of the solenoids can be written as:
Ry(ψ)Rtot yˆ
!
= zˆ ⇔ Rtot yˆ != R−1y (ψ) zˆ (26)
























sinφ3 = ±1, cosφ3 = 0.
(28)
Both signs for the deﬂection angle ψ are viable, either bending the beam upwards or
downwards. Plugging the value ψ = −11.35 into the Equations (28), two solutions are
obtained













Since the solution labelled b exceeds the maximum range of ±π/2, only the other solution
can be realized. Choosing the settings (φ1 = 0.431 and φ3 = π/2) for the solenoids and
after somewhat minimizing the transverse emittance dilution by changing the settings
of the quadrupoles comprising the matching sections the solution depicted in Figure 5
is obtained. The performance of this system is ﬁne. The respective relative emittance
dilutions are: Δx
ix
= 9.6 and Δy
iy
= 6.7.
As an aside, rotating around the vertical only necessitates changing the settings of the
ﬁrst solenoid if φ3 is chosen as ±π/2.
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Figure 4: Comparison of the beta-functions for two of the imaging modes of a spin rotator
utilizing six FODO cells per corrector unit. In the top panel both solenoids are
oﬀ. In the lower panel both solenoids are excited. The system is transporting
an ingoing vertically polarized spin into one which is longitudinally polarized.
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Figure 5: Beta functions of a spin rotator adjusted for longitudinal IP polarization taking
a crossing angle of 2× 10mrad into account.
4.2 Linac following the curvature of the earth
If the main Linac after the spin rotator is following the earth, the spin transport is
aﬀected by eﬀective dipole ﬁelds determined by the curvature of the earth. These small
dipoles cause a precession of the spin. Additionally, the constant acceleration imposed
by RF ﬁelds in the Linac changes the relativistic factor γ(s).
The spin precession aﬀected by the curvature of the earth and by accelerating with a
constant gradient can be estimated by taking the diﬀerential form of Equation 1,
Δψs = aγ(s)Δψb(s). (30)













into Equation (30) and integrating over the extension l of the Linac, the total spin











Assuming a length of 20 km for the Linac, a maximum beam energy Eˆ of 500GeV, an
initial energy E0 of 5GeV, a radius of the earth ρ = 6000 km and an electron rest energy
of 511 keV, the total spin precession angle ψs becomes 109.5
◦.
Arguing along similar lines as in the previous section, but this time modelling the exter-
nal spin precession by a rotary matrix along the horizontal direction Rx(ψ), the equations
to be fulﬁlled read in operator form:
Rx(ψ)Rtot yˆ
!
= zˆ ⇔ Rtot yˆ != R−1x (ψ) zˆ (34)

































Inserting an angle ψ of 109.5◦and solving for the angles φ1 and φ3, allows for two solu-
tions:
φa1 = 0.238, φ
a
3 = −0.245;




Since the second solution is out of bounds, the spin rotator is set-up according to the
ﬁrst solution. A system with these settings is shown in Figure 6.
The performance of this somewhat optimized system is only slightly worse than the
one dedicated for a straight Linac. The projected transverse emittance dilutions are:
Δx
ix
= 4.5 and Δy
iy
= 1.6, respectively.
Solving the equations (35) for the negative spin precession angle ψ = −109.6◦, describing
a Linac following the earth in the opposite direction, results in the two solutions
φa1 = 0.238, φ
a
3 = −0.245;




Both of these solution are not viable, the modulus of the maximum rotation angle of π/2
is exceeded. Therefore, to provide longitudinal IP polarization with a spin vector aligned
along the positive horizontal axis (s = zˆ) at the IP the orientation of the incoming spin
vector has to be reversed externally to −yˆ. In this case, a reachable solution is available:
φ1 = −0.238, φ3 = 0.245. (39)
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Figure 6: Beta functions of a spin rotator set-up for longitudinal IP polarization consid-
ering a Linac following the curvature of the earth.
5 Synchrotron Radiation and momentum compaction
Deﬂecting a relativistic electron induces synchrotron radiation. This is responsible for
emittance growth which could be deleterious. The eﬀect of incoherent synchrotron ra-
diation on the emittance growth can be estimated by plugging into the formula [9],
Δ(γx) = 4× 10−8 E6[GeV] I5[1/m]. (40)
I5 is the well-known synchrotron integral [10]
I5 =
∫ H(s)











H(s) denotes the lattice function with β′ = dβ/ds and η′ = dη/ds.
For a beam energy of 5GeV and a numerical value of 1.05× 10−6 1/m for I5 computed
by MAD8 and Elegant for the spin rotator utilizing six FODO cells per corrector, the




= 8.2× 10−5 (42)
and can be ignored.
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This result has been checked by tracking particles utilizing Elegant.
The momentum compaction factor αc of the whole spin rotator equals 2.9×10−5. Thus,
R56 = −3.0mm. This ﬁgure is small compared to the corresponding value of the bunch
compressor, (R56 = 0.215m) [11].
6 Spin rotator performance
In this chapter, the performance of spin rotators manipulating an ingoing vertically
polarized spin into one which is longitudinally polarized at the exit of the rotator is
investigated. Special attention is given to the inﬂuence of energy errors and measures
for mitigating chromaticity-related emittance dilution.
The previous studies show how the large solenoid coupling can be avoided by judiciously
designing a correction facility.
Unfortunately, this cancellation works perfectly only if the relative momentum error
δp = Δp/p is zero (ignoring geometric aberrations). It has to be elucidated how mo-
mentum errors aﬀect the beam transport from start to end of the whole corrector.
Cancelling cross-plane coupling over a range comparable to the momentum spread is
highly desirable. Furthermore, the total relative emittance dilution caused by geometric
and chromatic aberrations should remain below 2% [12].
In the following of this section, the rotator is set-up as described in Section 4. An ingoing
spin polarized along y (si = yˆ) leaves the apparatus polarized along the positive z-axis.
First, the system described in the Tesla TDR [11] was set-up for appropriate spin trans-
port by exciting the solenoids as explained earlier. The calculations were done with the
help of MAD8 [13]. The emittance dilution obtained is excessive (see Table 1). This
system employing three FODO cells per corrector unit is not a suitable candidate for
the ILC.




three (Tesla TDR) 3.5 8.3%
four 1.7 7.4
six 1.8 2.4
Table 1: Emittance dilution for spin rotators. A relative momentum spread δp = 1.3
is assumed.
While studying solenoid-based spin rotators, it turned out that acquiring good matches
of the β-functions between the dispersive sections and the solenoids with the help of the
respective matching sections is of great importance for obtaining suﬃcient low emittance
transport, otherwise the values of the β-functions can easily obtain large values (βx,y ∼
1000m). A lot of tedious work had to be done to work out the proper excitation of the
matching quadrupoles. This is neither easy nor trivial.
For the solution investigated (φ1 = π/4, φ3 = −π/2), β-functions with vanishing slope
(αx = αy = 0), at the beginning and at the end of the reﬂector unit are favorable for
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obtaining low emittance transport. Changing distances between matching quadrupoles,
arranging four quadrupoles into two doublets helps in getting more appropriate matches.
In addition to tweaking some other distances, increasing the number of FODO cells per
reﬂector lowers the vertical emittance increase considerably (see Table 1): The reduced
phase advance per FODO cell mitigates chromaticity related eﬀects; thereby reducing
the emittance dilution.
The reduction of emittance dilution for a system comprising four FODO cells per reﬂec-
tor (phase advances μx = 90
◦ and μy = 45◦) and for six cells (μx = 60◦ and μy = 30◦)
is shown in Table 1, as well. All lateral projected emittances are calculated by track-
ing a particle distribution consisting of 50000 particles through the whole spin rotator.
A relative momentum spread of δp = 1.3 is assumed. The projected emittances are
achieved by calculating the moments of the ﬁnal particle distribution. The results ob-
tained in this fashion, have been checked by detailed calculations utilizing Elegant [14]
and Merlin [15].
The dependence of the transverse projected emittances on the relative momentum spread
δp is shown in Figure 7.



























Figure 7: Vertical emittance dilution as a function of the relative momentum spread δp.
For on-energy particles, the transverse emittance dilutions are zero for all data sets
depicted in Figure 7. This shows the corrector is adjusted appropriately.
The emittance dilution is caused by chromatic eﬀects. Since the transverse emittance
dilution scales roughly with δ2p in the region shown in Figure 7, the relative momentum
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spread δp has to be small. Otherwise, a suﬃcient suppression of cross-plane coupling for
oﬀ-energy particles is not viable.
Figure 8: Projected normalized emittances as a function of the arc length.
The values of the normalized projected vertical emittances x,n and y,n are plotted in
Figure 8 as a function of the arc length while traversing the whole spin rotator. The need
for correction of cross-plane coupling is obvious. The projected vertical emittance y,n
increases by an unacceptable factor of about 60 for maximum excitation of the solenoid
(φ3 = −π/2). The horizonal emittance is blown-up by a factor of four. The feasibility
of the correction scheme is convincingly demonstrated. These results were obtained
by utilizing Elegant for simulation including synchrotron radiation related eﬀects.
Contrary to the runs with MAD where fourth order Lie maps are used for tracking,
Elegant allows only second order maps for transport. To obtain decent results, each
dipole is split into 100 pieces (kicks).
Spin rotators of the investigated type kind are only an option if the relative momentum
spread is at the per mille level at the place where the device is installed. Therefore,
adding solenoid-based rotators after the bunch compressor is not an option where the
relative momentum spread is at the percent level.
In the remainder of this document, the stability of the systems depicted in Figure 6 and
Figure 4(b) will be investigated.
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Figure 9: Relative current stabilities required for not exceeding a 2% emittance dilution
budget.
7 Stability and misalignment studies of the optics
In this section the tolerances required for a reliable operation of the spin rotator as an
integral part of the ILC are given.
First, the stability requirements for the power supplies are determined. Secondly, the
constraints on the mechanical tolerances, the roll angle around the optic axis and the
speciﬁcations for vertical displacements are elucidated. Finally, the results for vibration
studies are presented. In all but the last section, each optical element is manipulated in
succession independently and with the help of MAD the maximum tolerable imperfec-
tion is determined which does not deplete the two percent budget for relative emittance
growth.
For each run 50000 particles are tracked trough the whole system and the relative pro-
jected emittance dilution of the transverse emittances is obtained.
7.1 Power stability requirements
The requirements for the stabilities of the power supplies can be lifted from Figure 9.
Only the requirements for quadrupoles are shown since the tolerances for the supplies
driving solenoids and especially the dipoles are less severe than those presented in Fig-
ure 9.
At maximum, a relative stability of a per mille is required to remain within the 2% bud-
get. This speciﬁcation can be met without a major problem. Twenty-seven quadrupole
19
speciﬁed with a relative stability of 10−3 for a single component are required.
7.2 Mechanical stability tolerances
7.2.1 Roll angle
The tolerances obtained for the allowed range of the axial roll angle are shown for a
spin rotator tuned for a straight Linac (see Figure 10(a)) and for a curved Linac (see
Figure 10(b)).
Tolerances requiring a speciﬁcation of 1/4 of a millirad have to be met. Such speciﬁcations
are not atypical.
Although more quadrupoles have to be speciﬁed with the rather strict tolerance of
0.25mrad while catering for a curved Linac (eight versus ﬁve) both systems investigated
are considered to be equally suitable.
Since solenoids have roll-symmetry, they were not examined and dipoles showed to have
rather loose tolerances with respect to roll angles, these are not included in the ﬁgures.
7.2.2 Vertical displacement
The results of the stability studies are shown in Figures 11(a) and 11(b) for a spin
rotator adjusted for a laser-straight and for a Linac following the curvature of the earth,
respectively. This time solenoids and dipoles are not included, since each solenoid could
be moved independently by at least 10μm and the dipoles by at least an additional
order of magnitude to deplete the emittance dilution budget. For the data presented,
the system adjusted for a laser-straight Linac seems to have a slight advantage.
7.3 Vibration tolerances
Contrary to procedure employed for elucidating the stability of the systems in the pre-
vious sections of the current chapter, in this section all elements, including dipoles,
quadrupoles and solenoids are wobbled concurrently. A random vertical displacement
error taken from Gaussian random number generator with a standard deviation of one
unit and a three sigma cut is added to each element. The displacements added are be-
tween 0 nm and 100 nm. By averaging over 100 seeds, the results shown in Figure 12(a)
for the vertical displacement of the centroid and for the relative projective emittance
dilution in Figure 12(b) are obtained.
The variation of the emittance dilution by vibration of the given magnitude of 100 nm
seems to be not critical. If the dependence of the position of the beam centroid is a
concern, relies on knowledge of the control and feedback system which is currently not
available.
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(a) Solution optimized for a laser-straight Linac
Roll tolerances for a 2% emittance dilution budget for a six FODO 




















(b) Solution optimized for a Linac following the curvature of the earth
Figure 10: Roll tolerances. The number of quadrupoles required with a given speciﬁca-
tion for the axial roll angle mandated by the constraint of not exceeding a 2%
budget in relative emittance growth are indicated. Above are the numbers
required given for the solution catering for a laser-straight Linac, below are
the ones for a Linac following the curvature of the earth.
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Vertical displacement tolerances for a 2% emittance dilution budget for a 




















(a) Solution optimized for a laser-straight Linac
Vertical displacement tolerances for a 2% emittance dilution 
budget for a six FODO refelector system tuned for a linac 






















(b) Solution optimized for a Linac following the curvature of the earth
Figure 11: The number of quadrupoles which have to meet the speciﬁcations on the
control of the vertical displacement error are given. Above are the quantities
shown for a spin rotator tuned for a laser-straight Linac, below for a Linac
following the curvature of the earth.
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Relative emittance dilution for random misalignments




Figure 12: In these bar plots the results of the vibration studies are shown. All optical
elements including quadrupoles, solenoids and dipoles are vertically randomly
displaced at the same time with a maximum perturbation of 100 nm. For
the random number distribution a Gaussian random number generator with
a three sigma cut was utilized. For averaging, 100 seeds are chosen. In
the bottom panel, the relative vertical emittance dilution is presented. All
of these values are well below the threshold of 2%. In the top panel, the
ﬂuctuation of the beam centroid in units of the beam sigma is shown. For a
one sigma environment, the centroid at the exit of the spin rotator moves by
approximately ±σye/2.
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8 Spin tracking results
Code has been added to Merlin, which provides a spin tracking facility.
Preliminary results show that the spin transport is orders of magnitudes more insensitive
to perturbations than the emittance transport. A single quadrupole has to be displaced
vertically by 10mm to cause an appreciable deviation of the spin vector from its design
value. The spin depolarization computed by Merlin for the quoted perturbation are
at most 3%. This is consistent with expectation [16].
9 Conclusion
The results presented in this document show that the spin rotator outlined is a suitable
candidate for a spin rotator meeting all the requirements of the ILC.
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